Introduction
The thermodynamic properties of electrolyte solutions have been studied extensively at room temperature and pressure. However, comparatively little is known about the behavior of aqueous electrolytes at higher temperatures and pressures. While sodium chloride solutions have been studied at high temperatures, much less information is available on electrolytes of charge type other than 1-1. We have determined the high temperature thermodynamic properties of aqueous sodium sulfate because it provides an example of a higher charge type salt.
The thermodynamic properties of aqueous solutions are of interest for research and engineering design in such areas as desalination, geothermal energy development, geopressurized brine exploration, and hydrothermal ore deposition. The number of electrolyte solutions of interest at high temperatures is large, so that a method of obtaining thermodynamic properties from a minimum amount of experimental data is desirable. Heat capacity measure·ments are ideal for this purpose, since the data can be integrated to yield enthalpy and activity information, using literature data available at room temperature to evaluate the integration constants.
We have constructed a flow calorimeter to measure the heat capacities of aqueous solutions at high temperatures and pressures. Sodium chloride, the most abundant component of natural brines, has been studied previously by a number of investigators. 1 -3 Sodium sulfate was chosen for this study because it is also a major component of natural brines. In addition, osmotic coefficients for sodium sulfate solutions, derived from the heat capacity measurements, can be compared with isopiestic data available at high temperatures. Sodium sulfate also is of interest in studies of ionpair formation at elevated temperatures and as an example of a 2-1 chargetype salt.
• "
• -3-Experimental
Flow calorimetry has many features which make it ideal for use at high temperature. Since the experimental fluid flows through the calorir'o\o) meter, it is possible to keep the calorimeter temperature constant while changing samples. There is no vapor phase; hence no corrections for vaporization. Fluid flowing through the calorimeter can also be kept at constant pressure, allowing measurements along isobars rather than along the saturated vapor pressure curve. The capability to extend measurements to high pressures is limited only by the fluid pump and the back pressure regulation system. The fast response and high sensitivity which make flow calorimetry powerful at room temperature also are advantageous at high temperatures.
The high temperature, flow calorimeter is an adaptation of a design 4 used by Picker, Leduc, Philip, and Desnoyers at room temperature. It has / been described in detail elsewhere; 5 in addition, Smith-Magowan and Wood 3 have constructed a similar flow calorimeter for use at high temperatures.
The calorimeter is constructed of small, thin-walled tubing supported inside a large copper shield, as shown in Figure 1 . Using a high pressure liquid chromatography pump, solution is forced through the tubing and past a heater, which is wound around the outside of the tubing. The solution is heated by ~3K, and this temperature rise is detected by a platinum resistance thermometer contained in a spiral of the tubing. A second, identical unit of the calorimeter contains pure water flowing in series with the solution.
In practice, only pure water is fed through the chromatography pump and the reference side of the calorimeter. The water then displaces an equal volume of solution, contained in a sample exchange loop thermostated at 25°C, through the working side of the calorimeter.
When water is flowing through the reference side of the calorimeter and solution is flowing through the working side, the power to the solution heater (ps) can be adjusted until the temperature increments on both sides of the calorimeter are the same. In this case, the ratio of the specific where ps and pw are the densities of the solution and of pure water at 25°C and the system pressure. The power loss (L) is measured directly with pure water by noting the total temperature rise resulting from a known power input at a known flow rate, the heat capacity of water being known.
The solutions used in ~his study were prepared from Baker reagent grade anhydrous sodium sulfate, which was dried overnight at 180°C and cooled in a vacuum desiccator. All solutions were prepared by weight, and all weights were.corrected for air buoyancy. At room temperature (22°C) sodium sulfate solutions are saturated at 1. 56 molal. 6 Since supersaturated solutions of sodium sulfate are relatively stable, a few attempts were made to load the solution exchange loop with samples at high concentrations.
These attempts were not entirely successful, and the few data points reported above 1.5 m should be used with caution.
Results
The results of heat capacity measurements of sodium sulfate solutions from 30°C to 200°C are given in Their data are compared with that of the present study in Figure 2 , where the error bars shown for the 180°C data were calculated using the uncertainty of ± .01 Jg-l K-l (in the specific heat capacity) given by Likke and 
Calculations
Review of Equations. To calculate high temperature activity properties, the heat capacity data must be fit to a temperature dependent equation, and the fitting equation must be integrated twice using enthalpy and activity data at 25°C to evaluate the integration constants. The system of .., ... (10) (11) (12) (13) Extensive volumetric data at high temperatures and pressures are required to evaluate the last term in eq. 15; in this study, it has been assumed to be negligibly small. This assumption is probably reasonable below 200°C, but it could lead to significant error at higher temperatures.
Temperature Dependence of the Heat Capacity. The low pressure heat capacity data were first fit to eq. 8 at constant temperature to evaluate co . given by the fitting equation, are shown in Figure 5 . The coefficients of eq. 16 are given in Table III . (16) The values of C 0 were fixed by this equation for the rest of the calculations. 
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Conclusion
The quality of the heat capacity data obtained in this study and their agreement with literature data indicate that flow calorimetry is a valuable technique for high temperature studies. The successful prediction of osmotic coefficients from a temperature dependent fit of the heat capacity data shows that heat capacity measurements can be used reliably to obtain activity properties of electrolyte solutions at high temperatures.
One limitation to the use of flow calorimetry at high pressures should be mentioned. Reduction of the flow measurements to obtain specific heat capacities requires density data at room temperature and the system pressure.
High pressure volumetric data, even at room temperature, are available for only a few electrolyte solutions over a very limited concentration range.
In addition, integration of high pressure heat capacity data to obtain activity properties requires enthalpy and activity data at the same pressure to evaluate the integration constants. These are most easily obtained using density and expansivity data, as a function of pressure, to adjust activity and enthalpy data at one bar to the higher pressure. Thus a full treatment of flow calorimetry data requires volumetric properties, as a function of pressure, over a small temperature range. It is hoped that current interest in high pressure flow calorimetry will encourage further work in the determination of these important volumetric properties. .. 
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